We study the damping of collisionless Alfvénic turbulence by two mechanisms: stochastic heating (whose efficiency depends on the local turbulence amplitude δz λ ) and linear Landau damping (whose efficiency is independent of δz λ ), describing in detail how they affect and are affected by intermittency. The overall efficiency of linear Landau damping is not affected by intermittency, while stochastic heating is much more efficient in the presence of intermittent turbulence. Moreover, stochastic heating leads to a drop in the scale-dependent kurtosis at the ion gyroscale.
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Introduction.-The question of how collisionless plasma turbulence dissipates via kinetic processes has received a great deal of recent interest [1] . The heating mechanism(s) that effect this dissipation have dramatic consequences for the basic thermodynamic state of the plasma, controlling the ion-to-electron temperature ratio as well as affecting the temperature anisotropy of the plasma with respect to the local magnetic-field direction. Attempts at solving this problem often fall into one of two camps: (i) studies that invoke the "quasilinear premise" [2, 3] and propose that turbulent fluctuations damp at the same rate (e.g., the linear Landau damping rate [4] ) as linear plasma waves with similar polarization properties [5] [6] [7] [8] [9] [10] [11] , or, alternatively, (ii) studies that focus on intermittency and the associated "coherent structures" , arguing that these structures dissipate in a fundamentally different way than linear waves. In this Letter, we straddle these two camps by investigating how intermittency affects the efficiency of linear and nonlinear heating mechanisms and how these mechanisms modify the level of intermittency.
We first show that intermittency has no effect upon the total turbulent heating rate resulting from linear Landau damping, and that linear Landau damping has no effect on the level of intermittency. We then contrast this with the mechanism of stochastic heating [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] ; when the turbulence amplitude at the ion gyroscale ρ = v th /Ω i (where v th = 2T i /m i is the ion thermal speed and Ω i = ZeB/m i is the ion gyrofrequency) becomes sufficiently large, ion orbits become chaotic, and ions may gain energy by interacting with gyroscale turbulent structures with frequencies much less than Ω i . The stochastic damping rate is a highly nonlinear function of turbulent fluctuation amplitude. We show that (i) intermittency dramatically increases the overall stochastic heating rate, and (ii) stochastic heating reduces the scale-dependent kurtosis of the turbulent fluctuations at the scale ρ.
Intermittency model.-We restrict our analysis to intermittent Alfvén-wave turbulence and damping mechanisms that are effective at k ⊥ ρ 1. This allows us to model the turbulence with the equations of reduced magnetohydrodynamics (RMHD), compactly written in terms of Elsasser [49] variables z ± ⊥ = u ⊥ ± b ⊥ , where u ⊥ and b ⊥ are the perpendicular velocity and magnetic-field (in velocity units) fluctuations respectively. There are a number of different intermittency models [50, 51] available; here, we will use the MS17 [52] model, but our results do not depend in detail on this choice. The Elsasser fluctuation amplitude of a structure with perpendicular scale λ is a random variable,
where δz L ⊥ is the outer scale amplitude, the constant ∆ = 1/ √ 2, and q is a Poisson random variable [53] with mean µ = − log (λ/L ⊥ ), L ⊥ being the outer scale. The nonlinear and linear timescales of each structure are
respectively, θ λ being the "alignment angle" [54] , and
This model incorporates refined critical balance [55] : The linear and nonlinear timescales in each structure are comparable, χ λ ≡ τ Aλ /τ nlλ ∼ 1 [56] . Thus, either time may be used as the cascade timescale τ cλ . The cascade power within the local subvolume of a particular structure is
Note
/L ⊥ ≡ ǫ, the injected power, for λ in the inertial range. Finally, a useful measurement of the intermittency is the scale-dependent kurtosis,
Damping model.-In this work, we will assume that the damping mechanisms we study irreversibly dissipate energy that is removed from the Alfvénic cascade (technically, this irreversibility arises due to collisions [7, 33, [57] [58] [59] [60] ). We can then relate the heating rate Q λ to the damping rate γ λ via
To motivate our model, we begin with the nonintermittent cascade model of Howes et al. [6, 8, 61] , which in steady state far from the forcing wavenumber leads to
where
2 /τ ck ⊥ is the cascade power at perpendicular wavenumber k ⊥ , δz k ⊥ is the turbulence amplitude at k ⊥ , and γ k ⊥ is the damping rate at k ⊥ . In order to investigate different damping mechanisms analytically, we make the simplifying assumption that the damping is localised to one particular reference scale ρ, 
where to obtain Eq. (9) we use Eq. (2), assuming that damping affects the amplitude but not the dynamic alignment [62] .
To generalise this, note that if a turbulent structure has perpendicular scale λ and amplitude δz λ , its fluctuation power δz k ⊥ ∼ δz λ peaks at k ⊥ ∼ 1/λ. We further assume [63] that the local values of random variables in a structure set its dynamical timescales τ cλ , γ −1 λ , and promote all the variables in Eqs. (8) (9) to configuration-space random variables. We call γ ρ τ cρ the damping factor.
Linear Landau damping.-One important and wellstudied damping mechanism is linear Landau damping [5] , for which the damping rate may be written (in Fourier space)
where F k ⊥ is a function of k ⊥ and plasma parameters, but not δz k ⊥ . Since (refined) critical balance states that (for all structures)
, the damping factor is
where F λ is a function of λ but not of δz λ . This result is true for any intermittency model that incorporates refined critical balance, not solely in the MS17 model [52] ; it is also the case in the CSM15 model [51] . Eq. (9) yields:
Because γ ρ τ cρ is independent of δz ρ+ , the effect of the damping is to shift the whole distribution of logamplitudes over by the constant (2/3)γ ρ τ cρ ; i.e. the shape of the distribution is not changed. As a corollary, the kurtosis
is unchanged. Similarly, the average heating rate per unit volume,
is not affected by the intermittency at all. However, if one looks at the structures in which the heating is happening, the intermittency is relevant: The heating rate random variable for each structure,
follows the (intermittent) distribution of the random variable ǫ ρ+ , and damping is concentrated in the higheramplitude, intermittent structures. These results would also apply generically to any damping mechanism for which the damping factor γ ρ τ cρ is independent of δz ρ . Stochastic heating.-The damping rate of gyroscale fluctuations by stochastic heating may be written [44] [64]
We take c 1 = 0.75 and c 2 = 0.34 [cf. 44] . The exponential suppression depends on the random variable
0 . Using Eqs. (2) and (3), the damping factor is . In a qualitative sense, our results on the efficiency of intermittent stochastic heating and its effect on intermittency also apply generically to all mechanisms for which γ ρ τ cρ is an increasing function of δz ρ+ . To illustrate our results, we use a numerically sampled log-Poisson distribution. We take the outer scale amplitudes δz L ⊥ to be distributed as the magnitude of a normal random variable with zero mean and standard deviation σ = 0.1v A , where v A = B 0 / √ 4πn i m i is the Alfvén speed. We multiply δz L ⊥ by the log-Poisson factor ∆ q [Eq. (1)], generating 10 7 samples of the intermittent distribution δz ρ+ just above the gyroscale ρ. We then apply damping using Eqs. (9) and (18) with various different values of β i and L ⊥ /ρ, obtaining the distributions of δz ρ− used in Figures 1-3 .
Distribution of fluctuation amplitudes.
-The shape of the distribution of log(δz ρ− /σ) resulting from stochastic heating is shown for L ⊥ /ρ = 10 4 (a value similar to that in the solar wind) and various values of β i (i.e. various different overall damping rates) in Figure 1 . As the damping becomes more important (i.e., at lower β i ), the fluctuations with higher amplitude are heavily damped, causing a relatively sharp upper limit on δz ρ− . This limit is the amplitude δz max for which
shown in Figure 1 as a vertical dotted line for each β i . Because of this modification of the shape, the kurtosis [Eq. (5)] is heavily affected by the damping. In the inertial range, the kurtosis increases as λ decreases, reaching a value of κ ρ+ = 30 just above ρ = 10 −4 L ⊥ . As the stochastic heating becomes more important (with decreasing β i ), the kurtosis just below ρ, κ SH ρ− , decreases significantly -see Figure 2 (a). Such a decrease in kurtosis is a generic property of nonlinear damping mechanisms for which γ λ τ cλ is an increasing function of δz λ .
Heating.-Unlike in the linear case, the average stochastic heating rate
is affected by the intermittency of the turbulence. This heating rate may be compared with ǫ ρ+ = ǫ L ⊥ = ǫ, and also with the heating rate that would be obtained without intermittency, Q SH rms , using the root-mean-square (rms) amplitude δz rmsρ+ ∼ σ(ρ/L ⊥ ) 1/4 in place of the random variable δz ρ+ . These intermittent and rms heating rates, calculated using Eq. (18) and normalised to ǫ, are shown in Figure 2 To explain the shallow dependence of Q SH ρ on L ⊥ /ρ, we calculate the minimum amplitude δz * ρ+ for which fluctuations are strongly damped. Setting γ ρ τ cρ = 1 in Eq. (18), we obtain log δz * ρ+
where W is the Lambert W function. This analytic expression for δz * ρ+ approximates δz max in Eq. (19) . If δz * ρ+ were determined by simply setting the exponent in Eq. (18) equal to some constant threshold value, then δz * ρ+ would be independent of L ⊥ /ρ. However, as L ⊥ /ρ increases, the fluctuations are increasingly highly aligned [see Eq. (3)] at the gyroscale, which increases τ cρ but not γ −1 . This introduces the factor (L ⊥ /ρ) 1/2 in Eq. (18), causing δz * ρ+ to decrease with increasing L ⊥ /ρ. The corresponding heating rate from the damping of the structures with this amplitude is
where q * = log(δz * ρ+ /δz L ⊥ )/ log ∆ [cf. Eq. (1)], and we have used Stirling's formula to approximate the factorial in the Poisson probability mass function. Q * ρ is a reasonable analytic estimate for the scaling dependence of Q SH ρ on L ⊥ /ρ for log(L ⊥ /ρ) ≫ 1; however, it is an underestimate (by a factor approximately independent of L ⊥ /ρ), due to (i) δz * ρ+ being an overestimate of the true cutoff, δz max , (ii) the neglect of the cascade power damped in structures with higher amplitudes δz * ρ+ < δz ρ+ < δz L ⊥ , (iii) the neglect of the width of the outer-scale (normal) distribution of fluctuation amplitudes. For each β i , Q * ρ multiplied by an empirical correction factor is plotted in Figure 3 . The analytic expressions for Q * ρ and δz * ρ+ make clear that the slowlydecreasing nature of Q SH ρ with L ⊥ /ρ arises due to a competition between the decreasing volume-filling fraction of structures above any particular amplitude and the decreasing cutoff amplitude δz max (≈ δz * ρ+ ). In many astrophysical plasmas, δz L0 ∼ v A at an outer scale L 0 that is beyond the RMHD regime. We can apply our model in such cases on scales λ smaller than an effective outer scale L ⊥ ≪ L 0 , where
The stochastic heating rate when the outer-scale amplitude δz L0 ∼ v A is then much larger than our numerical example, where δz L0 ∼ 0.1v A , because the gyroscale fluctuation amplitudes are much larger. Our figures thus provide a highly conservative lower limit on the stochastic heating rate in plasmas in which δz L0 ∼ v A .
Conclusions.-In this study, we consider the collisionless damping of critically-balanced, intermittent plasma turbulence by two mechanisms. First, for linear Landau damping [4] [5] [6] 8] , γ λ τ cλ is independent of the turbulent amplitude δz λ . In this case, (i) damping affects neither the shape of the distribution of log-fluctuationamplitudes, nor the kurtosis of the distribution of fluctuation amplitudes, and (ii) the overall efficiency of damping is not enhanced by the presence of intermittency. However, (iii) locally, damping is still concentrated near coherent structures [9, 11] .
On the other hand, for stochastic heating [44] , γ λ τ cλ depends on δz λ , leading to damping that (i) strongly affects the shape of the distribution of log-fluctuationamplitudes and the kurtosis of the distribution of fluctuation amplitudes. In addition, stochastic heating is (ii) much more efficient if one accounts for intermittency and (iii) even more concentrated near coherent structures than heating by linear Landau damping. Our results suggest that, once intermittency is incorporated, stochastic heating may be an important damping mechanism for solar-wind turbulence, and perhaps also for some regimes of interstellar turbulence, even when ξ ∼ δz ρrms /v th ≪ 1. Our results apply more generally to other dissipation mechanisms, which may be divided into different classes based on the (in)dependence of γ λ τ cλ on δz λ .
We predict that a nonlinear heating mechanism (for which γ λ τ cλ is an increasing function of δz λ ) decreases the scale-dependent kurtosis just below the dissipation scale. This leads to a simple test to establish the presence of a nonlinear mechanism. Indeed, there are numerous observations of decreases in or flattening of the scale-dependent kurtosis at around the ion scale in both numerical and solar-wind turbulence [26, [72] [73] [74] [75] . Moreover, there is direct evidence for a nonlinear ion heating mechanism, whose efficiency depends on ξ (suggestive of stochastic heating, cf. Eq. 17), in some numerical simulations [76, 77] , while electron heating appears to have γ ρ τ cρ independent of δz ρ (suggestive of linear Landau damping; see also [33] ).
Our results clarify the role of intermittency in heating by collisionless plasma turbulence: since heating rates for nonlinear mechanisms (e.g. stochastic heating) are dramatically enhanced by intermittency, an understanding of the intermittency is essential for determining relative heating rates of different mechanisms, and thus for explaining the eventual thermodynamic state of a turbulent collisionless plasma.
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